



















Photon Radiation and Dilepton Production
Induced by Rescattering in Strong Interacting Medium
Hanzhong Zhang, Zhongbo Kang and Enke Wang
Institute of Particle Physics, Huazhong Normal University, Wuhan 430079, China
Based on the Gyulassy-Wang model, using the opacity expansion technique we investigate the
photon radiation and dilepton production induced by multiple rescattering as energetic parton jet
passing through the strong interacting medium. The real photon radiation and dilepton invariant-
mass spectrums are presented. It is shown that the energy loss of parton jet arising from the Abelian
LPM effect for photon radiation has different target thickness dependence compared with that from
non-Abelian LPM effect for gluon radiation.
PACS numbers: 11.80.La, 12.38.Mh, 12.38.Bx, 25.75.Nq
I. INTRODUCTION
Hard process are considered as a good tool to study
the properties of the quark matter produced in ultra-
relativistic heavy-ion collision because it can probe the
early stage of the evolution of dense system, during which
a quark-gluon plasma (QGP) could exist for a short pe-
riod of time. One important aspect of hard processes is
jet’s energy loss or jet quenching[1, 2, 3, 4, 5, 6, 7] due to
gluon radiation induced by multiple rescattering as en-
ergetic parton jet going through the strong interacting
medium. Jet quenching in heavy ion collision lead to the
suppression of large transverse momentum hadrons spec-
tra as compared to pp collision at the same energy[1].
This phenomena has been observed in recent RHIC ex-
periments in central heavy ion collision[8, 9, 10, 11, 12].
The theoretical researches[2, 3, 4, 5, 6, 7] show that
the jet energy loss caused by gluon radiation depends
quadratically on the thickness of the parton targets in
the medium due to non-Abelian Landau-Pomeranchuk-
Migdal (LPM) interference effect[13]. In addition to the
gluon radiation, the bremsstrahlung processes induced by
multiple rescattering include also the photon radiation.
The energy loss of parton jet arising from the Abelian
LPM effect for photon radiation may have different tar-
get thickness dependence compared with that from non-
Abelian LPM effect for gluon radiation. Recently it takes
theoretical and experimental interest in the connection
between the bremsstrahlung photon radiation induced by
multiple scattering and the azimuthal asymmetry param-
eter v2 in the non-central high energy nuclear collision.
It has been shown in Ref.[14] the bremsstrahlung photon
have the opposite (negative) sign in v2 compared with the
hadrons produced by parton jet fragmentation because
the jet energy loss is larger in the long axis of the overlap-
ping region in the non-central nucleus-nucleus collision.
The theoretical prediction in Ref.[14] is consistent with
the experimental data measured by the PHENIX[15].
Another aspect is the virtual radiative photon induced
by multiple rescattering in the strong interacting medium
can decay into a dilepton. Since the leptons interact with
the particles in the collision region only through the elec-
tromagnetic interaction, the mean-free path are expected
to be quite large, so the dileptons pass through the col-
lision region and reach the detectors easily, they are ob-
served directly in the experiments. The information car-
ried by the dilepton will help us to analyze the signal of
QGP matter produced in heavy ion collision.
The bremsstrahlung photon production has been dis-
cussed by Arnold, Moore and Yaffe (AMY)[16] previously
by using diagrammatic method in thermal field theory.
Differs from the AMY description, in this paper we will
follow the framework of opacity expansion developed in
Ref.[4] to study the bremsstrahlung photon and dilepton
production induced by multiple rescattering as the par-
ton jet propagating in the strong interacting medium. As
shown in Ref.[4], the opacity expansion converges very
rapidly and the first order contribution is dominant, so
we will concentrate how the jet energy loss depend on
target thickness in the first order opacity expansion due
to real photon radiation, and then derive corresponding
radiative photon spectrum and the invariant-mass spec-
trum in the dilepton production.
This paper is organized as follows. In Sec. II we
present the jet energy loss and the photon spectrum due
to real photon radiation. In Sec. III we investigate the
invariant-mass spectrum in the dilepton production due
to virtual photon radiation. Corresponding numerical
analysis are given in this two sections, respectively. Sec.
IV is for a short summary.
II. INDUCED REAL PHOTON RADIATION
Consider a source localized at y0 = (t0,y0) that pro-
duces a parton jet described by a wave packet J(p). The
parton jet undergoes multiple rescattering by exchanging
a gluon with a target parton and emits a photon with


















where x is the energy fraction carried by photon from the

















FIG. 1: Feynman diagram for photon radiation induced by
self-quenching, single and double Born rescattering in the
medium.
jet is assumed as
pi = [p










where q⊥ andm denote the transverse momentum trans-
fer and thermal mass of the jet parton in the hot medium,
respectively.
As proposed by Gyulassy and Wang[1], the interaction
between the jet and the target parton can be modeled by









where αs is the strong coupling constant, µ the De-
bye thermal mass of gluon in the hot medium, qn the
momentum transfer from a target parton n at yn =
(zn,y⊥n). Tan(j) and Tan(n) are the color matrices
for the jet and target parton, respectively. Assume
all target parton are in the same dT dimensional rep-
resentation with Casimir C2(T ) (TrTa(n) = 0 and
Tr(Ta(i)Tb(j)) = δijδabC2(i)dT /dA); For color matrices
generators of the jet in the dR dimensional representa-
tion, Tr(Ta(j)Ta(j)) = CRdR.
As shown in Fig.1, we denoteM0,M1 andM2 as the
scattering amplitude for self-quenching, single rescatter-
ing and the double Born rescattering, respectively. The
squared total amplitude is given by
|Ms|









0) + · · · . (7)
For the self-quenching shown in Fig.1 we get
M0 = iJ(p+ k)e
i(p+k)·y0R0 , (8)










g is the coupling constant between quark and photon.
For multiple rescattering we assume the packet J(p)
vary slowly over the range of momentum transfers sup-
plied by the potential, the rescattering centers are well
separated and the distance between two successive scat-
tering is large compared to the interaction range,
zi − zi−1 ≫ 1/µ . (10)
For single scattering illustrated in Fig.1 the rescatter-
ing amplitude of the first Feynman diagram can be ex-
pressed as












2g(1− x)p+ǫ · pi
[(p− q)2 + iǫ][(p+ k − q)2 + iǫ]
×v(qz ,q⊥)e
−iqz(zj−z0)TaTa(j) , (11)
whereN is the number of the targets in the medium. The
integration over qz is performed by closing the contour
below the real axis in the complex qz plane. Two poles
qz
′ = −iǫ and qz
′′ = −ω0−iǫ contribute to the scattering







The contribution from the pole corresponding to the po-
tential singularities can be neglected because of the sup-
pression factor exp[−µ(z−z0)]. From Eq.(11) we deduce
the radiation amplitude for first Feynman diagram of the
single rescattering in Fig.1 as












Similarly we get the radiation amplitude for second Feyn-
man diagram of the single rescattering in Fig.1 as
Rb1 = −i2g(1− x)
ǫ⊥ · (k⊥ − xq⊥)



























(k⊥ − xq⊥)2 + x2m2
. (16)
For the double Born virtual interaction shown in Fig.1,
y1 = y2 = yj , the rescattering amplitude M
a
2 reads




















× e−i(q1z+q2z)(zj−z0)2g[ǫ · (p− q1 − q2)]
× ∆(p− q1 − q2)∆(p+ k − q1 − q2) . (17)
Integrate over q1z by closing the contour below the real
axis in the complex q1z plane, the residue of the poles
q
′
1z = −q2z − iǫ and q
′′
1z = −q2z − ω0 − iǫ contribute to
the integral. The contribution from the potential singu-
larities can be ignored because zj − z0 ≫ 1/µ. so M
a
2
can be rewritten as


















2 v(q2z ,q2⊥)v(−q2z ,q1⊥)∆(p− q2)





For q2z integration, there is no exponentially suppressed
factor, so the potential singularities q2z = −iµ1 and −iµ2
contribute to the integral. By closing the integration
contour below the real axis in the complex q2z plane and
taking the residue in the poles q
′






2, we get the radiation amplitude







In a similar way, from the last Feynman diagram in
Fig. 1 we obtain the rescattering amplitude Mb2. The
corresponding radiation is given by




The total radiation amplitude from the double Born






= −g(1− x)Nǫ⊥ ·B . (21)
As shown in Ref.[4], in opacity expansion technique we
make following simplification: define the relative trans-
verse coordinate b⊥j = y⊥j − y⊥0, it varies over a large
transverse area A⊥. Then the ensemble average over the
rescattering center location reduces to an impact param-
eter average,




d2b⊥dzjdz0ρ(zj , z0) . . . (22)
Along the longitudinal direction, the distribution den-











































In the GW model, elastic cross section with the small











One can defining |v¯(0,q⊥)|
2 as the normalized dis-





























2 = 1. In numerical esti-
mation, we take that q2
⊥max =∞, µeff ≈ µ.




















≡ n¯ . (29)
4n¯ represents the mean number of the rescattering which
is defined as the so-called opacity[4].
The first interference term Re(M1M
∗
0) in Eq.(7)
doesn’t contribute to photon radiation probability be-
cause of Tr(Ta(j)) = 0. The contribution from the dou-






















The transverse momentum spectrum of the radiated pho-









To the first order of opacity expansion, the square of
the rescattering amplitude is given by
〈|M|2〉 = 〈|M0|
2 + |M1|
























− 2 cos(ω0(z − z0))(B
2 −B ·C)] . (34)
The term with cos(ω0(z − z0)) reflects the destructive
interference arising from the Abelian LPM effect[13]. The
integration of this term over target distribution gives
I(ω0, L) ≡
∫






Denote dN0+1 = dN0+dN1, N0 is the number of radi-
ated photon at zero-order opacity expansion correspond-
ing to self-quenching term |M0|
2, N1 the number of radi-
ated photon at first-order opacity expansion correspond-
ing to the sum of single rescattering term |M1|
2 and
the interference term between self-quenching and double




2/µ2 , y = |k⊥|

























f(x, u, y) , (38)
where function f(x, u, y) is given by
f(x, u, y) =
(y + x2u)(y + x2w + x2u)− 4x2uy√












y − x2w − x2u√
(y + x2u+ x2w)2 − 4x2uy
)
.(39)
In getting above expressions the integral of the angle be-
tween k⊥ and q⊥ has been integrated out and we have
chosen the coupling constant g = 2e/3 for u light quark
jet.
If setting the mass of quark vanish, from Eq.(36) we
see w = 0, then function f(x, u, y) in Eq.(39) reduce to















This function have two collinear divergences. One is from
the initial-state bremsstrahlung as y ∼ 0 (or k⊥ ∼ 0)
along the initial jet direction; the another one is from
the final-state bremsstrahlung along the final jet direc-
tion as |k⊥| ∼ x|q⊥| (or emission angle θe is near to the








Above two collinear divergences is caused by setting
quark jet’s mass is zero. As θe > θs, the third term
in Eq.(40) vanish, so there is no interference. In purely
QED case, as θe < θs the radiative energy loss of the
charged particle has been studied in Ref.[17] in which
the charged particle undergoes multiple rescattering by
exchanging photon. Here we investigate the transverse
momentum spectrum of radiated photon and the corre-
sponding energy loss of energetic quark jet which under-
goes multiple rescattering by exchanging gluon.
To avoid the collinear divergences, in the following we


















where Nc and Nf are the number of the color and flavor
of quark, respectively. For light quark system, we take
Nf = 3. After taking into account the thermal mass of
quark, the collinear divergences in Eq.(39) disappear.
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FIG. 2: The transverse momentum spectrum of the radiated
photon. Solid and dash curves show the transverse momen-
tum spectrum up to zero and first order in opacity expansion
for opacity L/λ = 5, jet energy E/µ = 100 and energy frac-
tion x = 0.1.
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FIG. 3: The ratio of the transverse momentum spectrum
between 1-order and (0+1)-order in opacity expansion vs. the
transverse momentum. The parameters are the same as in
Fig. 2.
As shown in Fig.2, the transverse spectrum of the radi-
ated photon decrease with increasing the transverse mo-
mentum. Compare the 0-order and (0+1)-order results in
opacity expansion, we can see that the main contribution
of the radiative photon induced by multiple rescattering
concentrate in the region of small transverse momentum.
In order to see this point clearly, Fig.3 shows the ratio of
of transverse momentum spectrum between 1-order and
(0+1)-order versus the transverse momentum. For soft
tranverse momentum photon around the jet direction,
the rescattering effect play an important role.
It is the same as pointed out in Ref.[1], from the rel-
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FIG. 4: The ratio between the transverse momentum spec-
trum at first order in opacity expansion and corresponding
BH-limit vs. the energy fraction x carried by radiative pho-
ton. For jet energy E/µ = 100, the dot, dash and solid
curves represent the results for different transverse momen-
tum |k⊥|/µ = 2, 3, 4, respectively.










When z− z0 ≫ τ , the photon radiation reach the Bethe-
Heitler (BH) limit in which the intensity of the induced
radiation is additive in the number of rescattering. The
BH-limit corresponds to I(ω0, L) = 0 in Eq.(35). Fig.4
shows the ratio between the transverse momentum spec-
trum at first order in opacity and corresponding BH-limit
versus the energy fraction x carried by radiative photon.
From Fig.4 we see that, at fixed transverse momentum, as
x approaches small value, τ becomes small, the BH-limit
is approached; at fixed x, as k⊥ becomes large enough, τ
becomes also small, the BH-limit is achieved again.




≤ 4E2x(1 − x) , (45)
we obtain the jet’s energy loss induced by rescattering at




















For photon radiation the Abelian LPM effect lead to that
the jet’s energy loss has linear dependence on the thick-
ness L of the targets instead of the quadratic dependence






























FIG. 5: Feynman diagram for dilepton production induced
by self-quenching, single and double Born rescattering in the
medium.
III. THE INDUCED DILEPTON PRODUCTION
What we studied in above section is the real photon
radiation as energetic parton jet produced in heavy ion
collision going through the strong interacting medium. If
the radiative photon induced by multiple rescattering in
above process is virtual, then the virtual photon can de-
cay into a pair of dilepton. In this section we investigate
this induced dilepton production.
The Feynman diagram for dilepton production induced
by self-quenching, single and double Born rescattering in






















+ · l−gµν), (50)
and Cµ is relate to the radiation amplitude for the virtual
photon.
The invariant-mass spectrum for dilepton production











where k2 =M2, M is the invariant mass of the dilepton.
For virtual massive photon field, we can choose its po-






































In getting last equality the Ward Identity has been used.
As an approximation, we assume that the dilepton’s
invariant-mass M is much larger than the parton jet’s
thermal mass m and p+ ≫ k+ ≫ M . From Eqs.(51)
and (53) we see that ǫµC
µ is the radiation amplitude
for a on-shell virtual photon with mass M reduced by
rescattering. Its calculation is very similar to the calcu-
lation of the radiation amplitude for a massless real pho-
ton in Sec.II, the only difference is that the light-cone











For self-quenching, single and double Born rescattering,
the radiation amplitude of the virtual photon with mass
M can be deduced as
R′0 = 2(1− x)gǫ⊥ ·B
′ , (55)





























Correspondingly, the square of the radiation amplitude
for the virtual photon to the first order in opacity expan-
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FIG. 6: Dilepton invariant-mass spectrum for jet energy
E/µ = 100, opacity L/λ = 5, transverse momentum |k⊥|/µ =









−2 cos(ω′0(z − z0))(B
′2 −B′ ·C′)] .(61)
It is the same as in Eq.(34), the term with cos(ω′0(z−z0))
represents the destructive interference resulting from the
Abelian LPM effect[13].
Substituting Eq.(60) into Eq.(51), we can obtain the
invariant-mass spectrum arising from self-quenching at











and the invariant-mass spectrum arising from single and















f(x, u, y, w) , (63)
where function
f(x, u, y, w) =
(y + x2u)(y + w + x2u)− 4x2uy√












y − w − x2u√





2/µ2 , y = |k⊥|
2/µ2 , w = M2/µ2 . (65)
Fig.6 shows the invariant-mass spetrum for dilepton
production. The invariant-mass spectrum decrease with
0 2 4 6 8 10
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FIG. 7: The ratio of the invariant-mass spectrum between
1-order and (0+1)-order in opacity expansion vs. the trans-
verse momentum. The solid and dash curves represent for
invariant-mass M/µ = 0.1 and 0.01, respectively. Other pa-
rameters is the same as in Fig.6.
increasing the invariant-mass at fixed transverse momen-
tum. The ratio of the invariant-mass spectrum between
1-order and (0+1)-order in opacity expansion versus the
transverse momentum is shown in Fig.7. At fixed dilep-
ton’s invariant-mass the ratio decrease with increasing
the transverse momentum. At fixed transverse momen-
tum the ratio goes down with increasing the invariant-
mass. It demonstrate that the dilepton production in-
duced by rescattering is important for small value of the
invariant-mass and transverse momentum.
IV. CONCLUSION
Based on the GW model, we apply the opacity ex-
pansion technique to investigate the induced photon ra-
diation and dilepton production in strong interacting
medium. The real photon radiation and the dilepton
invariant-mass spectrums are given up to the first order
in opacity expansion. It is shown that, both the real
photon radiation and dilepton invariant spectrums de-
crease with increasing the transverse momentum; In the
low transverse momentum region the rescattering effect
play an important role; At fixed transverse momentum
the dilepton production induced by multiple rescattering
decrease with increasing dilepton’s invariant-mass. For
real photon radiation the Abelian LPM effect lead to that
the parton jet’s energy loss has linear dependence on the
thickness of the targets instead of quadratic dependence
arising from non-Abelian LPM effect for gluon radiation.
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